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PROCESS FOR MAKING THIN FILM POROUS CERAMIC-METAL COMPOSITES 
AND COMPOSITES OBTAINED BY THIS PROCESS 

10 CROSS-REFERENCE TO RELATED APPLICATION 

This application is a continuation in part application of PCT/GB02/04086 filed 
on August 30, 2002, claiming priority from the following patent application GB 
0120958.4 of August 30, 2001, GB 0120961.8 of August 30, 2001, and GB 
15 0120956.8 of August 30, 2001. The content of these preceding applications are 
incorporated into this application by reference. 

BACKGROUND OF THE INVENTION 

20 TECHNICAL FIELD 

The present invention relates to the manufacture of thin film porous 
ceramic-metal composites comprising a support substrate with a layer of porous 
ceramic having metals or metal oxides dispersed therein. More particularly, the 
invention relates to the manufacture of composites comprising a layer of porous 

25 stabilized zirconia in a suitable stable crystalline modification such as the cubic 
phase, incorporating metal, such a palladium or platinum, in highly dispersed form. 
The invention is particularly applicable for use as a catalyst for the combustion of 
hydrocarbons and as gas sensors, for example CO sensor. 

30 BACKGROUND OF THE INVENTION 

With the advent of modern antipollution laws in Europe and around the world, 
significant and new methods of minimizing various pollutants are being investigated. The 
burning of fuel, be the fuel wood, coal, oil, or a natural gas, likely to causes a majority of the 
pollution problems in existence today. Pollutants, such as CO, are created as a result of 

35 imperfect combustion and may be removed by treating the exhaust gas produced. Most 
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imperfect combustion and may be removed by treating the exhaust gas produced. Most 
of these processes utilize catalysts containing metal or metal oxide on ceramic or 
metallic substrates. Platinum group metals are known to be useful in catalytic 
combustion processes. 

5 The pollution problem also demands the development of new highly sensitive 

gas sensors, capable of providing detection of the pollutants at lower levels than 
before, due to more severe requirements pertaining to the quality of purification of 
effluent gases and lower concentration limits applicable to vehicle catalysts. 

For this reason, much of the development work is directed at catalysts, 

10 composites and gas sensors capable of withstanding high temperatures and yet 
remaining active and highly durable, and at gas sensors having high sensitivity at low 
concentration of contaminants. 

Commonly, catalytic material and gas sensors are provided on substrates, 
such as metallic or ceramic substrates. The substrates need to have very open 

15 structures in order to allow gas mixtures to interact with them efficiently. For instance, 
wire meshes, metallic or ceramic bodies provided with holes, and boards or meshes 
made of metallic or ceramic fibers have all been used. 

To further increase the boundary surface of heterogeneous catalysts, 
composite materials are widely used, which comprise a substrate as mentioned 

20 above coated with a porous ceramic layer incorporating or having applied thereon a 
catalytic metal or metals. 

Conventionally, catalytic material is applied to substrates by immersing the 
substrate in a washcoat slurry, which may also contain the catalytic material. Lately, 
organic solutions of metal organic precursors of catalytic material have become 

25 widely used instead of slurries. 

Thus, according to US 6,303,538, a catalyst is prepared by pre-oxidising a 
substrate, preparing a solution comprising a ceramic oxide precursor, such as 
alumina or silica, and a solution containing a catalyst precursor, depositing 
precursors onto the substrate, such as a fiber board, and thermally treating the board 

30 to decompose the precursor into the catalyst. The precursors are deposited by 
immersing, spraying or the like methods. 

The metallic fiber board obtained thereby comprises a plurality of metallic 
fibers, preferably produced from a Fe-Cr-AI alloy, wherein the fibers are coated with a 
dense oxide covering the surfaces of the fibers, onto which a porous oxide layer is 
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deposited covering the exterior surface of the dense layer, and the catalyst is a noble 
metal distributed across the exterior surface of the porous oxide layer or incorporated 
within it. 

US 5,980,843 discloses another catalytic system obtained from a perforated 

5 foil or a metallic grid on which a porous ceramic layer, preferably of alumina or 
zirconia, is deposited by means of techniques including plasma spraying, flame 
spraying, and detonation spraying. The ceramic layer is then impregnated with a 
catalyst precursor solution or suspension. After suitable thermal treatments the final 
catalytic system is obtained. 

10 The production processes described above, however, are disadvantageous in 

that, predominantly, the ceramic oxide layer formed from precursor solutions has an 
amorphous structure, and hence, low structural strength, insufficient thermal stability 
and low adhesion to the substrate. 

Several approaches are known to transform amorphous structures of ceramic 

15 layers obtained from organic precursors. 

Thus, according to US 6,027,826, a porous amorphous metal oxide ceramic 
deposit is formed directly on the substrate by spray pyrolyzing a solution of 
metalorganic precursors mixed at the molecular level onto the metallic substrate, 
which is previously heated to temperatures greater than the boiling point of the 

20 organic solvent and which are high enough to initiate in situ decomposition of the 
metalorganic precursor salts. The resultant porous amorphous oxide deposit is 
processed into a fully crystallized c-axis oriented ceramic through a series of 
mechanical compression and short reaction treatments that are used to crystallize 
the amorphous ceramic layer. 

25 Another approach to post-deposit treatment is described in WO 00/22664, 

according to which an amorphous metal oxide film is deposited over a substrate 
using a metal organic precursor, the substrate is then heated in an inert ambient at a 
temperature greater than the crystallization temperature to convert the amorphous 
metal oxide to a polycrystalline metal oxide which is then heated in an oxygen 

30 containing ambient. 

Still one more approach is described in US 5,786,294 according to which the 
substrate is treated chemically; in particular, sulfate deposition is preferred for the 
transformation of a mesoporous precursor with amorphous pore walls into a material 
with crystalline pore walls maintaining the mesoporous characteristics. A catalyst 

35 material is obtained thereby, comprising zirconium dioxide particles with a 
mesoporous matrix, said mesopores having walls with a substantially tetragonal 
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crystalline structure; and a stabilizing chemical moiety on the surface of said 
mesoporous matrix. 

According to US 5,698,267, a porous ceramic layer of yttria-stabilised zirconia 
is applied on a cermete electrode as a paste containing high percentage of these 
5 oxides. The method involves high temperature (1 300-1 600°C) sintering and results in 
a composite comprising a relatively thick layer of zirconia on cermete electrode. 

Thus, all the above discussed methods require the use of high temperature 
processing of the ceramic substrate or the use of expensive equipment, such as 
plasma spraying. 

10 Moreover, the known approaches, though effective in obtaining crystalline 

ceramic structures and overcoming drawbacks of amorphous ceramic substrates, still 
do not offer a suitable solution to another problem, which is low adhesion of catalytic 
layers to metal substrates, and hence, low structural integrity of the catalytic 
members itself. 

15 SUMMARY OF THE INVENTION 

It is an objective of the present invention to obviate and/or mitigate at least 
one of the aforementioned drawbacks. 

It is another objective of the invention to provide a relatively simple and cost- 
effective method of preparing porous ceramic-metal composites having high 
20 temperature stability and structural integrity. 

Still another objective is to provide a simple and convenient method of coating 
a substrate having low adhesion properties with a porous ceramic material 
incorporating one or more metals. 

Still one more objective is to provide a catalytic member for combustion of 
25 gases, having a high thermal conductivity and low flow resistivity but at the same 
time improved mass transfer characteristics and high catalytic activity. 

Still another objective is to provide a sensor element for a gas sensor having 
high sensitivity at low concentration of gases and useful reaction kinetics. 

Still another objective is to provide a convenient method of depositing metal, 
30 including patterned metal, on to various substrates, including, but not limited to, glass 
and polymers, and to achieve good adhesion between the metal and the substrate. 

These and other objectives are surprisingly achieved by the process of the 
present application which teaches how to prepare thin film stabilised porous ceramic, 
incorporating a suitable oxide, such as zirconia in a suitable crystalline modification, 
35 such as the cubic phase, which can be effectively used in making catalysts and gas 
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sensors and such that avoid or eliminate a decrease in catalyst/sensor activity at high 
temperatures and provide thermally and mechanically stable composite structures. 

By using highly stabilised porous ceramic/metal structures of the present 
invention, problems associated with the structural integrity of the composite member, 
5 such as loss of surface area of the ceramic, and sintering of the catalytic metal can 
be minimized or eliminated. These advantages also apply to gas sensors. 

The inventive approach of the present application is to introduce the stabilising 
moiety into the precursor solution, so that the transformation of the amorphous 
porous ceramic layer into a crystalline structure surprisingly occurs at lower 
10 temperatures and relatively milder conditions than usually employed to effect such a 
transformation. The result is that the porous oxide layer is bonded strongly to the 
substrate and has a high structural strength, avoiding the necessity of providing 
additional treatment of the composite material. 

According to the first aspect of the present invention, a process for the 
15 production of a thin porous film, composed of a suitable material, such as zirconia in 
a suitable crystalline form such as the cubic phase is provided, comprising the steps 
of: 

- providing a substrate; 

- providing a first solution comprising an organic precursor compound of 
20 a zirconia matrix material in an appropriate organic solvent; 

- providing a second solution comprising an organic precursor compound 
of a stabilising chemical moiety for the ceramic matrix in an appropriate organic 
solvent 

- providing a third solution of an organic compound of one or more 
25 metals; 

- contacting the solutions with the substrate so as to form a coating 
comprising the zirconia precursor, the stabilising chemical moiety precursor, and 
the metal precursor; 

- thermally treating said coated substrate at a temperature sufficient to 
30 decompose said precursor compounds to form the substrate having thereon a thin 

film of stabilised zirconia having a suitable crystalline form such as the cubic 
phase incorporating therein or thereon said one or more metals. 

The solution of the stabilising chemical moiety is prepared in a suitable solvent 
separately or it may be dissolved in the first solution, or both compounds can be 
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dissolved in one solvent. Alternatively, the stabilising chemical moiety can be 
prepared in a solvent which differs from the solvent used to prepare the first solution. 
Similarly, the metal organic compound can be dissolved in the same solution to make 
a composite in which the metal is incorporated in the porous ceramic layer, or a 
separate solution can be prepared to apply the metal precursor onto the porous 
ceramic layer. 

The substrate can be contacted with the solutions simultaneously or 
sequentially, e.g. with the first solution, then, with the second solution, and, then, 
with the third solution. However, preferably, the first and the second solution are 
mixed, so as to obtain the stabilised porous ceramic precursor solution, and the 
mixture is applied onto the substrate. After contacting the substrate with at least one 
solution, or with the mixture of the first and second solutions, it may be necessary to 
dry or consolidate the first layer of coating before depositing a metal organic 
compound. It is also possible to mix the first, second and third solutions, using a 
common solvent. 

Consolidating is understood to mean heating the coated substrate for a period 
of time and at an appropriate temperature. During this consolidating step the matrix 
material may be converted to a stable phase, for example if the matrix material 
comprises zirconia the stable phase may be cubic zirconia. 

The precursor solutions can be deposited onto the substrate by immersing the 
substrate into the precursor solutions, or atomizing said precursor solutions and 
directing a spray onto said substrate and the like. One of the great advantages of the 
present approach is that it enables the coating to be applied readily to a whole range 
of substrates. In the case of a flat surface, this may be done by, for example, spin 
coating, whereas in the case of substrates of an irregular shape, such as fibres or 
wires, it may be done simple by immersing the substrate in the solution, followed by 
drying and subsequent heat treatment. Coatings may also be applied by other 
means, for example by electrostatic spraying or airless ultrasonic spraying. The 
solution, being based on an organic solvent, produces a uniform coating on a wide 
range of substrates, including silicon, metals such as steel, polymers such as 
polyimide, and glass. After drying and thermal curing, it exhibits excellent adhesion. 

In one preferred embodiment, the substrate comprises metal, such as steel, or 
alloys, such as containing iron, chromium and aluminum, for example, Fecralloy 
steel, US 4,330,476 (Cairns et al). 
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In one more preferred embodiment, the substrate comprises a knitted wire 
monolith, such as in the form of a sheet-like material or a roll, for example as 
described in US 4,397,772 (Cairns et al), or US 4,464,482 (Bird et al). 

Alternatively, the substrate may be formed of silicon, polymers, such as 
5 polyimide, ceramics and glass. 

The organic precursor or precursors of the ceramic layer may be any suitable 
organic compounds which may be converted to a porous ceramic material on 
heating. It is understood that the porous ceramic material is porous to gases and/or 
liquids. Examples of suitable organic compounds include aluminium or zirconium 
10 substituted or unsubstituted C^Cq alkyl carboxylates, such as propionate or 
ethylhexanoate. 

The organic precursor is dissolved in an appropriate organic solvent. This will 
be determined by the nature of the organic precursor and may for example be 
alcohol, such as ethanol and methanol, dimethylsulfoxide, tetrahydrofuran, 
15 chloroform, hexane, dichloromethane, ethylacetate, acetone, diethylether and the like 
and mixtures thereof. An organic precursor comprising compounds of zirconium and 
yttrium may for example be dissolved in tetrahydrofuran. 

Preferably, the ceramic precursor is an organic compound of zirconium, such 
as zirconium substituted or unsubstituted d-C 8 alkyl carboxylate, such as zirconium 
20 propionate. 

The method allows the ceramic materials, such as zirconia, to be stabilised by 
the addition of stabilising moiety precursors which may be any suitable organic 
compound of yttrium or cerium, such as yttrium substituted or unsubstituted Ci-C 8 
alkyl carboxylate. According to the invention, the stabilisation is performed under 

25 moderate conditions in the process of structuring the composite material, so as to 
convert the porous ceramic material into a preferred stable crystalline phase, contrary 
to the prior art methods employing additional steps to crystallize originally amorphous 
ceramic material. For example, yttria-stabilised zirconia may be prepared by using 
zirconium propionate and yttrium 2-ethylhexanoate. 

30 The ceramic precursor may be also an organic compound of aluminium, such 

as aluminium 2-ethylhexanoate, while cerium 2-ethylhexanoate can be the organic 
precursor of the stabilising moiety. 

In practice the yttria and/or ceria generally forms a minor component of the 
stabilised porous ceramic composite and as such typically comprises less than 20%, 



preferable less than 10% by weight of the composite material. In some cases 
however the ceria is the predominant component, comprising up to 70% by weight of 
the composite material. 

An organic compound of the metal to be incorporated in the matrix material 

5 may also be dissolved in the solution. Typical metals include palladium, platinum, 
rhodium, copper, silver, nickel, gold and the like, as well as mixtures thereof, and 
convenient compounds include the acetate, acetyl acetonate, alkyl halide, etc. The 
amount of metal as compared to the matrix material will depend on the ultimate 
application. Generally speaking, however, the amount of the metal as compared to 

10 the matrix material may be between 5% to 80% by weight more preferable 10% to 
60%, such as about 15%, 20%, 30%, 40% or 50%. 

The thin film stabilised porous substantially crystalline ceramic is formed on 
said substrate by thermal oxidation carried out by heating said substrate in an 
atmosphere selected from the group of air, oxygen, nitrogen, mixtures of air and 

15 oxygen, mixtures of oxygen and nitrogen, water vapor, and combinations thereof. 

The heating is carried out at a temperature in the range from about 350°C to 
about 1000°C, typically 400°C, for a period between about 10 seconds to about 10 
minutes. 

The heating may be also carried out at a temperature in the range from about 
20 400°C to about 1000°C, preferably from 650°C to about 1000°C, for a period in the 
range from about 10 minutes to about 2 hours. 

The heating may be also carried out at a temperature in the range from about 
650°C to about 1000°C, for a period in the range from about half an hour to about 2 
hours. 

25 It should be appreciated that though the effect of stabilising zirconia by yttria is 

well known, typically, to achieve this, it is required that zirconia is treated at high 
temperatures to ensure that the two oxides are mixed to the extent that a solid 
solution is formed and free ionic vacancies in the zirconia crystalline lattice are 
created by the incorporation of yttrium atoms. This is especially the case when 

30 powders of zirconia and yttria are used. However, according to the method of the 
present invention, effective stabilisation is achieved under significantly more 
moderate conditions due to the use of organic precursors as described in detail 
hereinbelow and illustrated by non-limiting examples. 
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According to the second aspect of the invention, a thin film porous ceramic- 
metal composite is provided, comprising: 

- a substrate; 

- a porous ceramic layer of substantially crystalline structure stabilised by 
5 a chemical moiety, wherein the ceramic layer is adhered directly to the substrate 

by strong bonding of the metal oxide of the ceramic to the substrate, and 
- a metal incorporated in or on the ceramic substantially crystalline layer. 
The crystalline nature of the ceramic layer has been confirmed by using X-ray 
diffraction as shown in Figs. 2a and 2b.The porous properties of the ceramic layer 
10 have been confirmed by gas adsorption techniques to measure surface area and 
pore volume distribution methods, as shown in Fig.1 and by the following examples. 

Preferably, the thin film catalytic member according to the invention is made 
on a substrate which is a metal wire, such as a knitted wire material or knitted wire 
material which is rolled to form a cylindrical member. 
15 The wire diameter is preferably from 0.12 mm to 0.25 mm, or from 0.10 mm to 

0.25 mm. 

The porous ceramic layer is preferably an yttria-stabilised zirconia in a 
preferred crystalline form such as the cubic phase. 

According to another example embodiment, the porous ceramic layer is an 
20 alumina in a suitable crystalline form, such as the gamma form stabilised by ceria. 
Alumina can be also provided in addition to zirconia. 

Preferably, the thickness of the porous ceramic layer is from 1 nm to 10 ^m. 

In another preferable embodiment, the thickness is from 50 nm to 500 nm, in 
still another preferable embodiment, less than 80 nm. 
25 The metal is a catalytic metal, for example taken from the 8 th group of the 

Periodic Table, such as mentioned above. In one of the preferred embodiments, the 
catalytic metal is palladium in a concentration from about 0,5% by weight to about 
15% by weight to the weight of the ceramic material 

The thin film composite may further comprise rhodium in a concentration from 
30 0,05% to 5% by weight to the weight of ceramic material. 

The composite exerts catalytic capability with respect to exhaust vehicle 
gases, including combustion of hydrocarbons and carbon monoxide and reduction of 
NOx. Also, the composite may be used to deal with other combustible gases, such as 
propane, butane and the like. 
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In the third aspect, the present invention provides a metallic wire catalyst 
member comprising a metallic wire support material formed of a knitted metallic wire 
or wires, wherein the wire (or wires) is coated with a thin film porous oxide ceramic 
material having a stabilised substantially crystalline structure, the ceramic 
5 incorporating thereon or therein one or more catalytic metals. 

The new type of vehicle exhaust catalyst prepared using the thin films of the 
present invention is much less likely to suffer from drawbacks of the prior art and 
offers several advantages over conventional vehicle exhaust catalysts, including the 
following ones. 

10 First, they can be applied as much thinner coatings than technology using 

water or aqueous alcoholic mixtures, such as described in US 6,303,538. In the thick 
coatings produced by the use of such aqueous slurries some of the catalytic metal is 
likely to be buried in the coating, and therefore is not used effectively. The result is 
that the amount of precious metal used in the catalysts produced by the thin film 

15 technology as described in the present invention can be reduced substantially, by as 
much as a factor of five. 

Second, the thin films can be applied readily to a whole range of substrates, 
including metal wire, to which they exhibit excellent adhesion. Coatings derived from 
aqueous slurries exhibit poor adhesion to such metal substrates, and are likely to fall 

20 off in use, causing a serious loss of valuable precious metal. Thus, according to US 
3,606,538, a separate pre-oxidation step is required to form a dense oxide layer in an 
attempt to enhance thereby the surface adherence of the coating to the metal 
substrate. The catalysts of the present invention are found to exhibit excellent 
adhesion to the steel wire. Typical wire diameters range from 0.12 mm to 0.25 mm, 

25 but other sizes outwith this range may be used depending on application. It should be 
noted also that the use of metal wire substrates offers additional significant 
advantages. For example, they confer improved mechanical durability, are easily 
installed into the exhaust system, and also prevent the generation of localised hot 
spots, which may cause the catalyst in such regions to sinter and lose surface area. 

30 The wire substrates also offer improved catalytic performance. This arises because 
conventional ceramic monoliths contain a multitude of flow channels of high aspect 
ratio (i.e. ratio of channel length to channel cross-sectional area). This causes the 
gas to develop a boundary layer along the length of the channel (see U.S. Patent 
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Number 5,440,872) which results in the catalyst being mass-transfer limited, thereby 
reducing the efficiency of the interaction of the gas with the catalyst surface. 

A third advantage of the thin film technology is that it enables the catalyst 
support material to be synthesised in its most stable crystalline phase during the 
5 preparation of the catalyst. Vehicle exhaust catalysts must be able to operate at 
temperatures of 1000°C and above, and therefore the inorganic support material on 
which the catalytic metal is deposited should be in its most stable crystalline form. As 
a case in point, it is well known that zirconium oxide can be converted into a stable 
crystalline phase by being doped with oxides of certain elements, such as yttrium. 

10 This normally requires processing at elevated temperatures: as high as 1200°C in the 
case of powders. However in the thin film route described here it has been found that 
the stabilised phase of zirconium oxide can be produced in-situ, and starts to form at 
temperatures as low as 350°C. Thus this route can be used as a general method of 
preparing catalysts, including those containing several metals and several inorganic 

15 components, all of which can be brought together as solutions of organic precursor 
salts. This ensures efficient interaction between the components and enables the 
catalyst to be synthesised in its desired crystalline phase during its synthesis. This is 
in contrast to conventional catalyst preparation methods which use support materials 
which have been synthesised separately (often at high temperatures). 

20 Thus, in a fourth aspect, the present invention provides a method of preparing 

a thin film porous ceramic-metal composite having catalytic functionality, comprising: 

- providing a metallic wire material formed of a knitted metallic wire or 

wires; 

- providing a first solution comprising an organic precursor of zirconia 
25 and an organic precursor of a stabilising chemical moiety for zirconia in an 

appropriate organic solvent to form a stabilised precursor solution; 

- providing a second solution of organic compound of one or more 
catalytic metals; 

- forming a coating adhered directly to the substrate by contacting the 
30 metallic wire substrate with said solution or solutions; 

- thermally treating said substrate at a temperature sufficient to 
decompose said precursor compounds to form a porous stabilised ceramic 
material of substantially crystalline structure incorporating said one or more 
catalytic metals. 
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Preferably, the knitted wire material is made of Fecralloy steel as mentioned 
above. Also preferably, the metallic knitted wire catalyst material is rolled up to form a 
cylindrical member, but other geometric shapes can be used. The substrate of knitted 
wire material provides a very open structure that allows gases to pass easily. 

5 According to the invention, the metallic knitted wire catalyst member 

comprises a metallic wire (or wires) knitted material, wherein the wire (or wires) is 
coated with a porous stabilised ceramic material of substantially crystalline structure, 
incorporating one or more catalyst metal or metals, wherein the ceramic material is 
strongly adhered to the substrate. 

10 In an attempt to provide a good adherence of the ceramic matrix to a metallic 

substrate, a traditional approach has been, as mentioned above, to form an oxidised 
sub-layer on the surface of the metal substrate. It was believed also (see US 
4,397,772 to Noakes and Cairns, and US 6,303,538 to Toia) that a Fecralloy 
substrate comprising an alloy of iron with additions of chromium, aluminium and 

15 yttrium has the property of forming a substantially alumina surface layer on heating in 
air, which layer is tenaciously adherent to the alloy substrate and thus, especially 
beneficial for subsequent coating with a porous ceramic matrix. However when the 
substrate is in the form of a knitted wire, it is difficult to obtain good adhesion to the 
relatively thick coatings of ceramic prepared by traditional methods. 

20 The inventive approach of the present patent is to introduce the stabilising 

moiety into the precursor solution, so that the porous oxide layer itself is bonded 
strongly to the substrate and has a high structural strength, avoiding the necessity of 
providing an intermediate dense oxide layer. 

It has been discovered that such a porous ceramic structure of high strength 

25 can be obtained when a ceramic oxide precursor is mixed with a stabilising moiety 
precursor and the resulting mixture is applied directly to the substrate to form a 
coating. 

The present invention is advantageous for several reasons. 

It provides a convenient method of applying to a substrate a porous, stabilised 
30 ceramic layer, within which is incorporated one or more metals or metal oxides. The 
layer exhibits outstanding adhesion to the substrate. Also, since the layer is much 
thinner than conventional ceramic coatings, the catalytic metal has good access to 
the reactant gases. This allows the metal content of the catalyst to be reduced 
significantly. Additionally, the metal particles can serve as nuclei during the 
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subsequent post-treatment steps (if any), for example, when plating a metal onto the 
ceramic thin film. 

In the fifth aspect, an enhanced sensing element is provided for solid state gas 
sensors using the process described in the present application. 

A thin film gas sensor according to the invention comprises a thin film porous 
ceramic layer coated on a substrate,: the porous ceramic layer being in a suitable 
crystalline form such as zirconia in the cubic phase stabilised by a chemical moiety, 
wherein the ceramic layer is strongly adhered directly to the substrate, and a metal 
incorporated in or on the ceramic layer. One of the possible applications is a thin film 
gas sensor having a sensitivity with respect to Ci-C 18 hydrocarbons, such as 
propane, butane, etc. The substrate can be made of alumina or, a silicon-comprising 
material, such as planar silicon, quartz and the like. The metal is preferably palladium 
in the form of palladium oxide. The ceramic layer is preferably zirconia stabilised by 
yttria. The sensor can be used as an optical transmission gas sensor, or a resistive 
combustible gas sensor. This is another example of a product which benefits from 
having its components interact as precursors during its synthesis, because it enables 
the desired structures to be created with high efficiency. The thin film technology 
described here allows these sensors to be fabricated as miniature components 
(typically 2mm long and 1mm wide) from a single film, thereby enabling them to be 
mass-produced. Since the active layer of the sensor is very thin (of the order of 200 
nanometres) and highly porous, the sensor is very sensitive and responsive. As an 
example of the fabrication of a sensor using the thin film technology described here, 
organic solutions of the precursors of zirconia, alumina, and palladium, were used to 
produce a porous inorganic zirconia/alumina matrix, associated with highly dispersed 
palladium oxide. This intimate interaction between all of these components resulted 
in a sensor, which was able to respond rapidly to changes in the concentration of 
gases, such as carbon monoxide. In the sixth aspect, the process of the invention is 
employed to produce a thin film metal coating on low adhesion substrates. 

Suppose for example that it is desired to deposit a metal film, such as copper, 
on to a glass substrate. Conventionally this is done in a vacuum system, with the 
metal being deposited on to the substrate by evaporation or sputtering. However by 
using the thin films of the present invention, there is no need to use a vacuum system 
because the films can simply be coated on to a substrate, then subjected to 
electroless deposition of copper in an appropriate chemical bath. In this case 
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palladium nuclei within the porous film act as catalytic sites, on to which the copper is 
deposited. The resulting copper films exhibit excellent adhesion to the substrate, due, 
it is believed, to the copper nuclei being dispersed throughout the porous film. It is 
important to note also that, in contrast to the conventional method, the substrate 

5 need not be flat. Substrates of any shape, including fibres, can in this way be coated 
uniformly with metal. 

Consider now the situation in which there is a requirement for the metal, such 
as copper, to be deposited as a film, in the form of a well-defined pattern on a 
substrate. In order to achieve this by conventional processing, it would be necessary 

10 first to deposit the copper film in a vacuum system as described above, and then to 
coat the copper film with a layer of resist. The resist layer would then be irradiated 
with ultra-violet light through an appropriate mask. Having developed the resist layer 
to produce the desired pattern, the copper thereby exposed would be etched. Finally, 
the resist would be removed from the remaining copper, to leave the copper pattern. 

15 In contrast, the thin films of the present invention offer a much simpler means 

of producing metal patterns. In this case a solution containing the precursors of the 
inorganic matrix (such as zirconia) and the metal (such as palladium) is deposited on 
to the substrate, and allowed to dry under ambient conditions. The film is then 
maintained at a temperature below that necessary to cause decomposition of the 

20 precursor molecules. When the resulting film is subjected to ultra-violet irradiation 
through an appropriate mask, the irradiated regions of the film are rendered less 
soluble than the non-irradiated regions. That is, the film behaves as a negative resist. 
Therefore when the film is subsequently immersed in an appropriate organic solvent, 
the non-irradiated regions are washed away. When the remaining film is dried and 

25 heated, and subjected to electroless plating, copper can be deposited in the form of 
the desired pattern. The ceramic layer can be patterned by exposing to UV light 
through a chromium on quartz photomask. 

The strong adhesion of the metal film to the ceramic layer has been confirmed 
by a Scotch tape test as described in Example 7. These aspects and embodiments of 

30 the present invention provide advantages over prior art methods for producing thin 
film porous stabilised ceramic layers and products obtained thereby. Techniques of 
the prior art such as using various pre- and post-preparation treatment steps to 
convert amorphous ceramic to stable crystalline form tend to be cost-ineffective and 
require relative expensive equipment. The present invention allows for a much more 
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simple and effective process of preparing composite materials which can find 
application in various fields. Thus, the method provides imparting to ceramic material 
significantly more catalytic functionality than would otherwise be possible using 
traditional methods of preparing catalysts. Further, this embodiment allows for the 

5 production of catalytic materials with complex geometry. The process of the invention 
is further advantageous for reducing the total number of processing steps and the 
total processing time necessary to produce a porous metal-ceramic composite with a 
stable crystalline structure. 

According to a preferred embodiment, the metal plated is nickel, the thickness 

10 of nickel film is from 100 nm to 1000 nm. The zirconia layer can further incorporate 
alumina, and the metal incorporated into the zirconia layer is palladium. The 
substrate can be polyimide. 

Additional advantages of the present invention will become apparent to those 
skilled in the art upon reading of the following detailed description of the preferred 

15 embodiments, the examples, and the figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 Pore volume distribution of yttria-stabilised zirconia incorporating 
palladium prepared according to the invention; 
20 FIG. 2a X-ray diffraction spectrum of 9% yttria-stabilised zirconia sintered at 

temperatures according to the invention; 

FIG. 2b X-ray diffraction spectrum of yttria-stabilised zirconia incorporating 
10% of palladium to zirconium sintered at temperatures according to the invention; 

FIG. 3 Transmission electron micrograph of platinum particles in an yttria- 
25 stabilised zirconia matrix; 

FIG. 4 Conversion efficiency of catalyst according to the invention with respect 
to carbon monoxide gas when subjected to thermal cycling; 

FIG. 5 Response of a gas sensor element prepared according to the process 
of the invention as a function of carbon dioxide concentration in the ambient air; 
30 FIG. 6 Response of a gas sensor element prepared according to the process 

of the invention as a function of oxygen concentration in the ambient air; 

FIG 7. Example of patterned nickel plated onto polyimide substrate according 
to the process of the invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The present invention will be further illustrated by the following examples. 
These non-limiting examples illustrate some embodiments and are intended to teach 
those skilled in the art how to put the present invention into practice. 
5 EXAMPLE 1 

Characterisation of yttria-stabilised zirconia incorporating palladium 

A sample of yttria-stabilised zirconia incorporating palladium was prepared by 
dissolving the following ingredients, per litre of tetrahydrofuran: 

32g zirconium propionate 
10 .8g yttrium 2-ethylhexanoate 

3.2g palladium acetate. 

The solvent was removed by gentle heating and the resultant powder was 
cured by baking for 4 hours at 600°C. 

The porous nature of the matrix was confirmed by gas adsorption 
15 measurements. Thus Figure 1 shows a sample of palladium-containing yttria- 
stabilised zirconia, the latter having an overall surface area of 55.39m 2 g" 1 with a 
maximum in the distribution curve at around 50nm. As result of an X-ray diffraction 
analysis, Figs 2a and 2b show peaks associated with a stable zirconia crystalline 
phase. 
20 EXAMPLE 2 

Characterisation of yttria-stabilised zirconia incorporating platinum 
A sample of yttria-stabilised zirconia incorporating platinum was prepared by 
dissolving in dichloromethane the following ingredients, per litre of solvent: 
32g zirconium propionate 
25 4g yttrium 2-ethylhexanoate 

2.9g dichloro (1 ,5-cyclooctadiene) platinum 

A silicon nitride membrane of dimensions 0.5mm □ 0.5mm □ 100nm thickness 
supported in a 3mm square silicon frame was immersed into the solution and 
allowed to dry. It was then baked at 900°C for 2 hours and allowed to cool to room 
30 temperature. 

Figure 3 is a transmission electron micrograph of this film, in which the 
platinum is visible as dark coloured particles. 
EXAMPLE 3 

Preparation of and characterisation of exhaust catalyst 
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A three way catalyst (i.e. designed to remove carbon monoxide, hydrocarbons 
and oxides of nitrogen) was prepared from two metal wire substrates, which were 
interwound with each other. A length of knitted Fecralloy* steel wire of sufficient size 
to be rolled up to form a cylinder 6 inches (-150mm) in length by 4 inches (-100mm) 
in diameter, and having a mass of approximately 400g, was cleaned in a hot 
detergent solution, rinsed and dried. The wire was then cut into two sections, one 
approximately 10 times longer than the other. 

*Fecralloy steel is a patented ferritic steel comprising iron, chromium, 
aluminium and yttrium. 

Part 1. The larger part of the wire was immersed in a solution containing, per 
litre of tetrahydrofuran, the following ingredients: 

20g of palladium acetate 

160g of zirconium propionate 

50g of cerium 2-ethylhexanoate 

17g of aluminium 2-ethylhexanoate 

50g of zirconia/ceria/lanthana powder. 

It was then removed from the solution, and left to dry for 1 hour at 100°C, 
followed by rapid heating to 700°C. 

Part 2. The smaller part of the wire immersed in a solution containing, per litre 
of tetrahydrofuran, the following ingredients: 

20g of rhodium acetate 

160g of zirconium propionate 

50g of cerium 2-ethylhexanoate 

1 0g aluminium 2-ethylhexanoate 

50g of zirconia/ceria/lanthana powder 

and subsequently treated in exactly the same manner as described for part 1 
above. After firing, the precious metal (palladium) loading of part 1 was 
approximately 0.3g, and the rhodium loading of part 2 was approximately 0.05g. 

The catalyst monolith was fabricated by rolling the two lengths of wire together 
to form a cylinder approximately 6 inches (150mm) in length and 4 inches (100mm) in 
diameter. 

The catalyst produced in this manner was tested on an engine mounted on a 
test bed, and shown to exhibit good performance, as illustrated by the data in Table 1 
below. The gas analysis was performed using a Signal Instruments system, 
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comprising a 4000VM NO x analyser, a 3000HM THC analyser (hydrocarbons), two 
7000FM GFC analysers (CO and C0 2 ) and an 8000M 0 2 analyser. 
Table 1 





Pre catalyst 


Post catalyst 


Conversion 


NO x (ppm) 


2981 


737 


75% 


Total hydrocarbon (ppm) 


327 


15 


95% 


Carbon monoxide (%) 


0.43 


0.053 


88% 


Oxygen (%) 


0.121 


0.057 





5 Table 1 - Engine test data 

The engine used for this test was a 1 .8! 8 valve normally-aspirated VW GTi 
unit operated at 2500rpm and under a load of 100Nm. The space velocity of the 
exhaust gas over the catalyst was approximately 70000 (normalised to STP). 

EXAMPLE 4 

10 Preparation of exhaust catalyst using a stainless steel substrate. 

A three way catalyst (i.e. designed to remove carbon monoxide, hydrocarbons 
and oxides of nitrogen) was prepared from a metal wire substrate. A length of knitted 
310 stainless steel wire of diameter 0.15mm and of sufficient size to be rolled up to 
form a cylinder 6 inches (-150mm) in length by 4 inches (-100mm) in diameter, and 

15 having a mass of approximately 400g, was cleaned in a hot detergent solution, rinsed 
and dried. 

The wire was immersed in a solution containing, per litre of tetrahydrofuran, 
the following ingredients: 

20g of palladium acetate 
20 20g of rhodium acetate 

160g of zirconium propionate 
50g of cerium 2-ethylhexanoate 
67g of aluminium 2-ethylhexanoate 
50g of titania powder 
25 50g of manganese (III) acetate. 

It was then removed from the solution, and left to dry for 1 hour at 100°C, 
followed by rapid heating to 700°C. 

After firing, the precious metal (palladium) loading of the monolith was 
approximately 0.3g, and the rhodium loading was approximately 0.05g. 
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The catalyst monolith was fabricated by rolling the length of wire to form a 
cylinder approximately 6 inches (150mm) in length and 4 inches (100mm) in 
diameter. 

The catalyst produced in this manner was tested on the same engine, under 
identical load conditions, and analysed using the same equipment as in the previous 
example. 

Table 2 below shows engine test data. 





Pre catalyst 


Post catalyst 


Conversion 


NO x (ppm) 


3209 


397 


81% 


Total hydrocarbon (ppm) 


397 


23.6 


94% 


Carbon monoxide (%) 


0.47 


0.0686 


85% 


Oxygen (%) 


0.345 


0.00 





Part of the engine test involved the removal of a spark plug lead from the 
engine to simulate a fault which may occur on a real car. Under such circumstances 
a large quantity of unburned fuel reaches the catalyst and is combusted thereon, 
raising the monolith to a very high temperature, typically 1000°C. This provides a 
severe test for any catalyst, but it can be seen from Figure 4 that after the fault was 
rectified the conversion efficiencies of the catalyst recovered to their previous values, 
indicating that no damage had been sustained by the high temperature excursion. 
This is an important factor in ensuring the longevity of a vehicle exhaust catalyst, 
which will typically be expected to last for 100,000 miles (160,000km). 

To explain in more detail, Figure 4 shows the temperature of the exhaust 
gases measured at three points: immediately before the catalyst (pre cat); in the 
centre of the wire monolith (centre cat); and immediately downstream of the catalyst 
(post cat). The three gas concentrations shown are oxides of nitrogen (NOx), total 
hydrocarbons (THC) and carbon monoxide (CO). Note that this last trace has been 
expanded by a factor of 10 for clarity. 

The engine test comprises a 300s warm up with the engine idling off-load, 
then a load is applied and the engine speed increased. The exhaust gas is sampled 
pre- and post-catalyst, in order to facilitate the calculation of conversion efficiencies 
of the various exhaust gas components. This accounts for the large step changes 
seen in the traces. The load is then removed and a fault condition is simulated, as 
noted above, with the engine running at approximately 2500rpm. Again pre- and 
post-catalyst measurements are taken. The fault is then rectified and the load 
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applied once more, and again pre- and post-catalyst measurements are taken. 
Finally the load is removed and the engine is switched off. 
EXAMPLE 5 

Preparation of resistive sensor for combustible gas detection 
5 A piece of alumina tile having dimensions 10mm by 20mm by 1mm thick was 

coated with a layer of palladium oxide/zirconia/alumina using a solution containing 
the following constituents, per litre of dichloromethane: 
25g of palladium acetate 
27g of aluminium 2-ethylhexanoate 
10 29. 5g of zirconium propionate. 

The tile was coated by dip coating in a controlled environment and heated to 
120°C at a rate of approximately 40°C per minute in an atmosphere of 4.5% 
hydrogen in a balance of nitrogen. It was held at 120°C for 2 minutes. This process 
was repeated 4 times to build up a layer having a suitable thickness to achieve the 
15 desired resistance in the final device. 

On the 4 th cycle, the temperature was ramped up to 350°C at a rate of 
approximately 100°C per minute and held at this higher temperature for 2 minutes. 

It was then exposed to an atmosphere containing 20% oxygen for 5 minutes in 
order to oxidise the precursors and form the sensor layer. 
20 The sensor was tested using a simulated gas boiler comprising a modified 

Bunsen burner fuelled with natural gas, and having the ability to vary the fuel-air 
ratio. This allowed a variation in the amount of carbon monoxide (CO) in the exhaust 
gas from the boiler, which was detected by the sensor, and a response to the 
corresponding variation in oxygen concentration could then be measured.. The 
25 results of the test are shown in Figures 5 and 6. 
EXAMPLE 6 

Preparation of copper coated glass 

Firstly, glass was coated with a layer of palladium-containing zirconia/alumina, 
using a solution containing the following constituents, per litre of terahydrofuran: 
30 80g of zirconium propionate 

30g of aluminium 2-ethylhexanoate 
20g of palladium acetate 



21 



The glass substrate was spin coated with the solution at 2500rpm for 30 
seconds, after which it was heated in air at 350°C for 2 minutes then allowed to cool 
to room temperature. 

Thereafter, copper plating was performed using a proprietary electroless 
5 plating process supplied by Shipley Europe Ltd. The plating bath is known as 
Circuposit Electroless Copper 3350, and is composed of four components as follows: 
73.8% deionised water, 12.0% Circuposit Electroless Copper 3350M, 4.2% 
Circuposit Electroless Copper 3350A and 10.0% Circuposit Electroless Copper 
3350B, made up in that order. The recommended bath temperature is 46°C, but the 
10 samples produced using the present technique have been found to plate very rapidly 
and for this reason the temperature of the bath was typically 25°C. Continuous air 
agitation was used during the plating process to stabilise the solution. A layer of 
copper several hundred nanometres in thickness was produced in a few seconds. 

EXAMPLE 7 

15 Preparation of patterned nickel coated polyimide 

Firstly, a piece of polyimide sheet was coated with a layer of palladium- 
containing zirconia/alumina, using an identical solution to that described in Example 
6. The substrate was spin coated with the solution at 2500rpm for 30 seconds and 
the solvent was then allowed to evaporate. In order to pattern the ceramic layer, the 

20 coated substrate was exposed through a chromium-on-quartz photomask to deep UV 
light (266nm) for 900s at approximately 20mWcm" 2 incident power. The substrate 
was then washed in a 1:1 mixture of acetone and isopropanol, and subsequently 
rinsed with isopropanol and dried using a nitrogen jet. This removed the unexposed 
parts of the coating, leaving behind the exposed regions which had been rendered 

25 less soluble by the irradiation process. 

The patterned substrate was then heated at 350°C for 2 minutes in air after 
which it was allowed to cool to room temperature. Nickel plating was performed on 
the sample by immersing it in a proprietary electroless plating solution at a 
temperature of 90°C for 120s. A layer of nickel of several hundred nanometres 

30 thickness was produced only on the remaining regions of palladium-containing 
zirconia/alumina. Figure 7 shows an example of a patterned nickel layer produced 
on a polyimide substrate. It was found that this layer of nickel was adhered 
sufficiently strongly to the substrate that it resisted removal by the Scotch tape 
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test.When this procedure was used with a glass substrate it was found that strongly 
adherent solder bonds could be made to the nickel. 

While this invention has been described in terms of several preferred 
embodiments, it is contemplated that alternatives, modifications, permutations and 
5 equivalents thereof will become apparent to those skilled in the art upon reading this 
specification. It is therefore intended that the following claims include all such 
alternatives, modifications, permutations and equivalents as fall within the true spirit 
and scope of the present invention. 



